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Simultaneous excitation/detection (SED), which permits observation of ion motion during an
excitation event, is used to generate real-time Fourier transform ion cyclotron resonance
(FTICR) excitation profiles that track the radial extent of ion motion in a trapped-ion cell. The
conventional FTICR excitation profile is collected in a series of individual experiments in
which peak magnitude is monitored as excitation voltage is increased. In contrast, SED permits
the single-scan detection of ion cyclotron motion within the trapped-ion cell and consequently
yields the data that produces a real-time excitation profile. Data analysis techniques are
presented that facilitate conversion of a time domain SED profile into an excitation profile. An
order of magnitude decrease in the amount of time is required to acquire an excitation profile,
while the precision of the measurement is improved. To demonstrate the utility of the
technique, it is applied to the study of axial and radial ion loss mechanisms for argon, benzene,
and acetophenone ions under different conditions. SED excitation profiles are also used to
illustrate the facility of quadrupolar excitation for minimizing radial ion loss. (J Am Soc Mass
Spectrom 2000, 11, 1009–1015) © 2000 American Society for Mass Spectrometry
Since the introduction of Fourier transform ioncyclotron resonance mass spectrometry (FTICRMS) in 1974 [1], considerable effort has been
devoted to improving analytical figures of merit such as
mass resolution, sensitivity, and mass accuracy [2]. In
theory, the optimum analytical performance for an
FTICR ion trap is achieved if the cell electrodes are
infinitely extended, the experimental pressure is negli-
gible, the magnetic field homogeneity is uniform over
the entire cell volume, and the space charge effects are
eliminated. In practice, nonoptimum experimental con-
ditions often limit analytical performance. For example,
electrodes have a finite extent resulting in curvature of
the electric field lines near the cell boundaries [3–5]; this
field curvature results in perturbations to the ion mo-
tion leading to ion loss. The magnetic field may not be
homogenous over the entire cell volume, resulting in
degradation of mass accuracy and resolution [6, 7]. A
change in system pressure, for example, the use of
collision gas for ion dissociation, can cause radial ion
loss associated with expansion of the ion magnetron
radius [8–11].
Although much theoretical work has been published
on the benefits and limitations of numerous cell designs
that overcome these effects [3, 12–25], it is only through
experimental optimization of cell geometry that opti-
mized analytical performance can be realized. One of
the most important procedures used to evaluate ion
cloud motion during the FTICR experiment is the ion
excitation profile [26, 27]. In the traditional ion excita-
tion profile experiment, new populations of ions, under
otherwise identical conditions, are accelerated to larger
orbits with increasing excitation voltages, and an FTICR
spectrum is obtained. The signal profile of the mass of
interest is recorded as a function of excitation voltage.
In the ideal experiment, as the ion population achieves
an increasing radius, the measured signal increases due
to greater proximity of the ions to the detection elec-
trodes, until the ions reach the cell boundaries and are
quenched.
A quantitative model for the excitation profile can be
created by calculating the ion radius, r, that is related to
the excitation voltage, Vp2p, through the following
relationship [28]:
r 5
b~Vp2p!~Texcite!
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where b is a constant related to the cell geometry, Texcite
is the excitation time in seconds, d is the cell diameter in
meters, and B is the magnetic field strength in tesla. For
a constant excitation event time, cell diameter, and
magnetic field strength, the radius of the ion population
increases linearly with increasing excitation voltage.
With this method, ion radii under varying experimental
conditions can be investigated. If the conditions are
optimal and the entire ion population mimics a point
charge in the center of the cell, the ion signal should
increase linearly until the ions strike the cell boundaries
at 100% of the cell radius. However, if ions begin off
axis or have trajectories that are perturbed by electric
field inhomogeneities, collisions with neutrals, or repul-
sive coulombic forces from other ions, the correspond-
ing cyclotron radius at which the ions are ejected will be
altered [29, 30].
Creation of a conventional excitation profile requires
acquisition of a series of 10 to 30 FTICR spectra from
which the peak height for the mass of interest is
recorded at varying excitation voltages. A single exci-
tation profile can usually be acquired in about 15 to 20
min, but complete characterization of just one experi-
mental parameter requires several profiles in which
other experimental parameters are varied systemati-
cally. The time required to produce an excitation profile
for each parameter, combined with the need to signal
average for each set of conditions can lead to an
experiment time of several hours. The ability to gener-
ate high quality excitation profiles is further compli-
cated if experimental conditions such as pressure vari-
ations and ion source instabilities exist. As a result,
significant variation in the excitation profile is common.
For this reason, it is rare that useful excitation profiles
are generated for ion sources such as laser desorption
that produces varying ion distributions and popula-
tions.
As mentioned above, the excitation profile is used to
probe ion motion in FTICR, and in particular, it is used
to study aspects of ion loss. Ion loss processes in the
FTICR trapped ion cell have been well documented
[22–27, 29–36]. Several factors can influence ion loss
along the z axis of the trapped-ion cell. Axial loss can be
related to inefficient trapping of the ions [26, 37]. If the
ion axial kinetic energy is greater than the potential well
depth, the ions will not be trapped. A second mecha-
nism for axial ion loss occurs in the presence of high-
pressure collisions of low mass ions following excita-
tion [27]. A third condition that can promote axial
ejection is the use of a swept excitation for broadband
detection. Axial ion motion is induced when the ion
excitation frequency matches the trapping frequency
and its harmonics [34–36].
Radial ion loss occurs when the ion cloud expands in
the x–y plane of the cell that is parallel to the trapping
electrodes. In this plane the stabilizing Lorentz force
from the magnetic field traps ions in the cell, whereas
the outward force from the radial component of the
static trapping potential destabilizes the ions. Factors
that induce radial loss include high system pressure,
space charge effects, radial electric fields [8], random
walk collisions [10, 37], and resistive destabilization
[31]. These conditions all share the consequence that
increased magnetron radius is promoted. Reduction of
trapping potential and system pressure can minimize
radial loss. Quadrupolar excitation (QE) is often used to
reduce radial ion loss by decreasing the magnetron
radius [38–40].
In the evaluation of axial and radial ion loss mecha-
nisms, it is interesting to note the interdependence of
the parameters that prevent one mode of ion loss while
promoting another. For example, the use of low trap-
ping potentials reduces radial loss, but allows axial
ejection. The absence of a cooling delay prior to ion
excitation induces axial loss, while a cooling delay prior
to detection can lead to radial loss. Most often, compro-
mise, experimental parameters are selected to minimize
the ion loss processes discussed above. The use of
excitation profiles is often essential to optimize experi-
mental conditions for particular trap geometry, ion
source, and pulse sequence.
Presented here is a technique for generating FTICR
excitation profiles from a single SED scan. SED [41–45]
allows for the excitation event to occur simultaneously
with the detection event. Thus, SED allows one to
monitor image current during the perturbation as well
as afterward. SED lends itself to several applications
due to this ability to monitor the excitation process such
as measuring ion populations [42], the study of ion
collision energetics [43], and monitoring the entire
FTICR experiment [44]. A comparison of SED with the
conventional method for acquiring an excitation profile
demonstrates acquisition times reduced by more than
an order of magnitude. The utility of SED for rapid
determination of axial and radial ion loss mechanisms
in an FTICR trapped-ion cell is shown.
Experimental
Excitation profiles were collected on a 1 tesla electro-
magnet FTICR mass spectrometer containing a 1-in.
diameter closed cylindrical cell of unit aspect ratio, with
mesh trapping electrodes. An electron ionization (EI)
source was positioned adjacent to one of the trapping
electrodes and used to form ions along the axis of the
cell. The analytes, benzene, argon or acetophenone, and
a static collision gas were introduced through a high
precision Varian leak valves (Varian, Lexington, MA).
The circuitry required for SED is discussed in detail
elsewhere [45]. A pulsed valve (General Valve, Fair-
field, NJ) was used to introduce the helium buffer gas
during the QE event. An active electronic notch filter
(Krohn & Heit, Cambridge, MA) was placed between
the differential preamplifier and data station to reduce
unwanted noise and typically was set to pass frequen-
cies 30 kHz above and below the cyclotron frequency of
interest.
Spectra were collected on a MIDAS data system [46,
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47] that incorporated a stand-alone EI controller capable
of independent manipulation of emission current, beam
time, and ionization energy during the experimental
sequence. Of particular interest was the capability of the
MIDAS to control excitation time and amplitude inde-
pendent of the detection parameters. All data were
processed on a personal computer with ICR-2LS data
analysis software [48] and Microcal Origin version 5.0
(Microcal Software, Northampton, MA).
The typical SED experimental sequence used here
involves ionizing the analyte with 20 eV [49] electrons
at a through-cell current of 180 nA for a duration of 10
ms, whereas the voltage applied to the trap plates was
2 V. An axial cooling delay of 500 ms would follow.
After this, single frequency dipolar excitation (379 kHz
for argon, 193.3 kHz for benzene, and 124.1 kHz for
acetophenone) at 1.2 Vp2p and direct mode detection
with a 2.5 MHz bandwidth would occur simulta-
neously.
To produce the standard method excitation profile,
benzene at an uncorrected pressure of 6 3 1028 torr
was ionized for a duration of 10 ms. The base pressure
of the system was measured to be at an uncorrected
pressure of 0.5 3 1028 torr. The ions were axially
cooled for 500 ms followed by single frequency excita-
tion at 193.3 kHz, a duration of 100 ms, and an ampli-
tude that varied from 0.4 to 4.8 Vp2p. After exciting the
ions, a post excitation delay of 100 ms was used. Direct
mode detection at a bandwidth of 2.5 MHz was used to
acquire the 32 k data point transient. An additional 32k
data points [50] were added to the unapodized transient
prior to Fourier transformation.
The experiment to study the effects of the addition of
a pulse gas and the use of QE had the following
experimental sequence. Following a 10 ms ionization
period, there was a 50 ms delay. The pulse gas valve
was then opened 10 ms prior to a 500 ms two-plate [51]
single frequency, quadrupolar excitation event applied
at 195.5 kHz and 4.0 Vp2p. This was followed by closure
of the pulse gas valve and a pump-down delay lasting
for 1 s. The excitation, detection, and trapping param-
eters were as stated above.
An automated method for extracting an excitation
profile from an SED transient was developed. In gen-
eral, the excitation profile generated from SED includes
a number of data points equal to the FTICR transient.
This number of data points is far greater than needed to
define the profile and should be reduced in number to
create more manageable excitation profiles for presen-
tation purposes. Shown in Figure 1 is the method used
to extract the excitation profile from the SED transient.
Figure 1a is the SED time domain transient for a
population of benzene ions at 6 3 1028 torr. In order to
create the excitation profile presented in Figure 1b, the
transient in Figure 1a was initially processed using the
export function in the data analysis software ICR-2LS.
This function extracts the data points from the original
transient and saves them as x–y data in a delimited
ASCII file. The x–y data points are then imported into a
spreadsheet program, such as MicroCal Origin, where
the data points are extracted at the maximum of each
sinusoidal cycle. The first step in this extraction process
is the removal of all data points below zero amplitude.
A final algorithm to generate the excitation profile in
Figure 1b compares each data point to its nearest
neighbors, extracting only those points that satisfy the
following condition:
extract ~ xi, yi! if $ yi . yi21 and yi . yi11% (2)
This comparison is performed once to achieve a profile
composed of about 100 to 300 data points. The x-axis
data points are then converted to percent radius using
eq 1, using the theoretical value of 0.80818 for the closed
cylindrical trapped-ion cell for b [2].
Results and Discussion
Presented in Figure 1a is a transient from which the SED
excitation profile is extracted. There are several quali-
tative features about ion motion that can be observed
directly using the SED excitation profile method that
Figure 1. Extraction of the profile from an SED transient. (a) The
time domain transient detected during excitation of benzene ions.
(b) The excitation profile generated from the transient in (a) using
the extraction procedure outlined in the experimental section of
the text [52].
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are only inferred using the traditional excitation profile
method. Ion motion commences at low radius and is
quickly influenced by the 1.2 Vp2p excitation applied at
reduced cyclotron resonance frequency of benzene, 193
kHz. Approximately 500 ms later the ions achieve
maximum excitation radius and are ejected from the
cell. The signal loss in the 500–700 ms range is due to
either radial expansion of the ion cloud or axial ejection
caused by nonlinear components of the excitation elec-
tric field [29].
Comparison of SED and Conventional Methods
For Forming Excitation Profiles
Shown in Figure 2a is a comparison of excitation
profiles generated with the conventional technique and
with SED. Although the plots are of similar shape, there
are distinct differences not only in the way they are
acquired, but also in the quality of the resulting profiles.
Figure 2b illustrates the experimental pulse sequence
used to acquire an excitation profile with the conven-
tional method. In this approach, a sample is ionized,
excited, and detected and the resulting time domain
transient is Fourier transformed to produce a mass
spectrum. The peak height of the mass of interest is
plotted versus the cell radius or excitation voltage. For
each point on the plot, a separate experiment is per-
formed with a new population of ions. With the time
required to acquire and process each scan, the profile
can take more than 15 min to complete. The jitter in the
profile is indicative of the variability in experimental
conditions during data acquisition.
Figure 2c illustrates the experimental sequence for
acquiring an SED excitation profile, which is accom-
plished by monitoring the ion signal during the entire
excitation period while maintaining a constant excita-
tion voltage. In this manner, the radius of the ions can
be calculated using eq 1 for any point in time along the
transient. The absence of jitter in the data is a conse-
quence of data generation from the same population
over the brief duration of a single excitation event.
Excitation profiles are generated within seconds rather
than minutes.
One distinction between the conventional and SED
methods is the behavior of the ion cloud at small
excitation radius. In Figure 2a, the conventional method
fails to exhibit a measurable signal amplitude until ions
are accelerated to approximately 20% of the cell radius,
whereas the SED method exhibits signal amplitude at as
low as 5% of the cell radius. Several explanations are
possible. First, in the conventional method the excita-
tion is abruptly terminated prior to observation, which
may disrupt the ion motion. Second, in the conventional
method there is a time delay between the termination of
excitation and the start of detection (100 ms, for our
system). During this postexcitation delay, the ion mo-
tion will damp, reducing the signal strength during
detection. Lastly, conventional excitation profiles are
formed from data subjected to signal processing proce-
dures that may modify the intensity of an observed
signal. This combination of factors may reduce the
detection limit at low excitation radius for the conven-
tional method.
As a demonstration of the facility of SED for gener-
ating excitation profiles, a variety of ion loss processes
in the trapped-ion cell are monitored.
Axial Ejection With Increasing Delay Time
SED excitation profiles shown in Figure 3a demonstrate
the effect increasing the post-ionization, delay time has
on the detection of argon ions. With no delay, the ion
population has not had sufficient time to cool axially,
and results in an excitation profile with a maximum
intensity at 80% of the cell radius. The maximum
intensity occurs at a reduced radius due to the axial
distribution of ions in the cell. Ions are perturbed by the
axial component of the excitation field as they approach
the cell boundaries formed at the trapping electrodes
and are axially ejected from the cell at reduced radius.
As the delay before excitation is increased from 0 to 500
ms, z-axis motion of the ions is cooled and a more
spatially focused ion cloud is produced. This procedure
also was used to produce the plot in Figure 3b for
benzene ions, which also illustrates the effect of z-axis
Figure 2. Comparison of SED and standard methods for produc-
ing excitation profiles. (a) Comparison of the conventional method
for producing an excitation profile (filled square) to that produced
by the SED method (open circle). (b) The pulse sequence that was
utilized to acquire a conventional excitation profile where 17 scans
were required. (c) The pulse sequence that was utilized to acquire
an SED excitation profile where only a single scan was required.
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cooling at increasing delay time before ion excitation. In
both Figures 3a, b, just three FTICR scans were neces-
sary to generate the data.
Axial Ejection With Increasing Pressure
Shown in Figure 4 are the SED excitation profiles for
argon ions generated at increasing background pres-
sures of helium. The trend in Figure 4a shows that at
higher pressures, ions are ejected from the cell at
reduced radius. Again, each excitation profile was ac-
quired with a single FTICR scan.
Radial Ion Loss With Increased Neutral Pressure
and After QE
A second general method of ion loss is radial ejection.
Three different experiments are presented in Figure 5 to
illustrate the effect of a collision gas on radial ion
ejection. The first case is a standard excitation profile
collected as a control in which there is a 500 ms delay
between the ionization event and the SED event. This
profile is typical for this cell and illustrates ion ejection
at an effective cell radius of 78%, the result of axial
ejection mechanisms previously discussed. The second
case uses an identical experimental sequence with a 500
ms pulse of helium added after the ionization event that
momentarily raises the system pressure to approxi-
mately 6 3 1026 torr. The pulsed valve is immediately
closed, and a pump delay time of 1 s is used. The ions
are subsequently excited and detected using SED. The
profiles indicate a substantial radial expansion of the
Figure 3. Excitation profiles at increasing delay time. (a) The
excitation profiles for argon ions at delay times before excitation/
detection of 0 (filled square), 100 ms (open circle), and 500 ms (3).
(b) The excitation profiles for benzene ions at delay times before
excitation/detection of 0 ms (filled square), 100 ms (open circle),
and 500 ms (3).
Figure 4. Excitation ejection with increasing pressure. The exci-
tation profiles are shown for argon ions at the following increasing
background pressures of helium: 2 3 1025 (filled square), 5 3
1026 (open circle), 9 3 1027 (3), and 6 3 1028 (open inverted
triangle) torr.
Figure 5. Pressure induced radial ion loss and the effect of QE.
(a) Excitation profiles collected with QE on and a pulse gas
activated (filled square), QE off and the pulsed gas activated (open
circle), and QE off with the pulsed gas off (open triangle). The
effect of the pulsed gas is to induce substantial radial loss that is
illustrated by the ejection of the benzene at a radius of 35% [52].
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ion cloud exists, resulting in a maximum cell radius of
only 37%. This ion loss can be attributed primarily to an
increased magnetron radius due to a pressure-induced
magnetron expansion. The third excitation profile ver-
ifies QE reduction of the magnetron radius of the ion
cloud. The resulting excitation profile exhibits a maxi-
mum at a radius identical to the case in which no
neutral collision gas was added, indicating that QE has
the capability to virtually eliminate radial ion loss due
to magnetron expansion. The reduced amplitude of the
profile for the QE case relative to the control is likely
due to ion loss associated with the introduction and
removal of the pulse gas used in the QE case.
Conclusion
A new method for real-time observation of the excita-
tion profile is demonstrated and applied to ion loss
mechanisms in the FTICR ion trap. The application of
SED to the creation of an excitation profile has several
benefits compared to the traditional method, providing
a more direct representation of the ion motion during
excitation, and a substantially decreased data acquisi-
tion time. Although the standard method only repre-
sents the ion motion indirectly by viewing the signal
abundance from a particular mass, the SED method
allows the ion motion to be directly observed during the
excitation event with greatly improved precision. The
SED method is also more reliable in that it represents
the excitation profile for a single experiment, whereas
the traditional method involves multiple experiments
over time allowing for the introduction of error as a
result of changing experimental conditions. Future
work includes the improvement of this technique both
theoretically and experimentally to elucidate mecha-
nisms of ion motion and aspects of unstable ion sources.
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